Several algorithms have been proposed to predict the origin of outflow tract (OT) ventricular arrhythmias (VAs) using standard 12-lead ECG. However, the additive value of right precordial and posterior leads is unknown.
O utflow tract (OT) ventricular arrhythmias (VAs) are the most common VAs, typically occurring in patients without structural heart disease. 1 Catheter ablation has been established as a safe and curative therapy for OT-VAs with a high success rate. [2] [3] [4] The prediction of OT-VAs origin before the ablation is important for defining the appropriate ablation strategy and approach. Previous studies have proposed several criteria for estimating the origin of OT-VAs using standard 12-lead ECG [5] [6] [7] [8] [9] [10] ; however, their accuracy may be limited especially in patients with cardiac rotation or R/S transition in lead V 3 .
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The right precordial leads (V 3 R, V 4 R, V 5 R) and posterior leads (V 7 , V 8 , V 9 ) are usually applied for the diagnosis of acute myocardial infarctions and Brugada syndrome. [12] [13] [14] There are limited data on whether right precordial and posterior leads could be useful for identifying the origin of OT-VAs. As right ventricular outflow tract (RVOT) and left ventricular outflow tract (LVOT) actually manifest an anteroposterior intertwining anatomic relationship, 15 in addition to standard 12-lead ECG, the right precordial and posterior leads may provide a more sensitive assessment of the depolarization vector during OT-VAs. Therefore, we hypothesized that right precordial and posterior leads ECG morphology could better predict OT-VAs origins.
The aims of this study were to first, systematically evaluate the use of right precordial and posterior leads in identifying OT-VA origins; second, to develop a novel ECG algorithm incorporating these unconventional ECG leads; and finally, to validate and compare this algorithm with previously published and validated ECG schemes for differentiating between LVOT and RVOT foci.
METHODS
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure. This trial was approved by the Human Research Ethics Committee of the First Affiliated Hospital of Nanjing Medical University.
Study Design
This study was conducted in 2 phases: (1) a development and hypothesis-generating phase whereby right precordial and posterior leads were systemically recorded and analyzed in 97 patients undergoing OT-VA ablation in Nanjing to generate a more accurate ECG algorithm; and (2) a multi-center prospective validation of this new algorithm.
Patient Selection
Consecutive patients undergoing clinically indicated OT-VAs ablation were recruited from 4 Chinese centers. Patients with coronary artery disease, structural heart disease, preexisting bundle branch block during sinus rhythm (SR), and paced rhythm were excluded.
ECG Recording
In the development phase, standard 12-lead ECG, right precordial leads ECG (V 3 R, V 4 R, V 5 R), and posterior leads ECG (V 7 , V 8 , V 9 ) were recorded in all patients. In the validation cohort, only 12-lead ECG was recorded with leads V 5 and V 6 being replaced by leads V 3 R and V 7 . The leads V 3 R and V 7 were carefully placed at the right correspondent place of lead V 3 and the left posterior axillary line of fifth intercostal space, respectively, because the incorrect electrode placement could markedly alter the QRS morphology of the OT-VAs. 16 SR and VA morphologies were obtained on the same ECG at a sweep speed of 25 mm/s with the ECG recording system (FX-7402; Fukuda Denshi, Inc, Tokyo, Japan; and LabSystem Pro; Boston Scientific, Inc) before the catheter ablation procedure.
ECG Measurement Protocol
The following parameters were measured and analyzed: (1) bundle branch block morphology; (2) R-and S-wave amplitude in leads V 1 through V 3 during ventricular tachycardia (VT) or premature ventricular contractions (PVCs); (3) R-and S-wave amplitude in lead V 2 during SR; (4) the site of R-wave transition in the precordial leads during SR and OT-VAs; (5) R-and S-wave amplitude in leads V 3 R through V 5 R and V 7 through V 9 ; (6) V 3 R/V 7 R-wave ratio; (7) V 3 R/ V 8 R-wave ratio; (8) V 3 R/V 9 R-wave ratio; (9) transition zone (TZ) index; (10) V 2 transition ratio; and (11) V 2 S/V 3 R index. The latter 3 are established algorithms to distinguish between RVOT and LVOT foci. [8] [9] [10] TZ was defined as the site of precordial lead in which the R-and S-wave amplitudes were equal, TZ score was in 0.5 increment according to the
WHAT IS KNOWN?
• Standard 12-lead ECG is widely used to discriminate the origin of outflow tract ventricular arrhythmias, but its accuracy would be affected by factors such as cardiac rotation or lead V 3 R/S transition.
• The right precordial and posterior leads ECG is usually applied for the diagnosis of acute myocardial infarctions and Brugada syndrome; its value in differentiating outflow tract ventricular arrhythmias origins between left ventricular outflow tract and right ventricular outflow tract foci has not been clarified.
WHAT THE STUDY ADDS?
• This study finds that the right precordial and posterior leads ECG allows for accurate determination of outflow tract ventricular arrhythmias origins and presents a novel ECG algorithm defined as V 3 R/V 7 index.
• The effectiveness of V 3 R/V 7 index is prospectively validated which remains accurate even for patient subgroups for whom simple ECG analysis is typically confounded by either cardiac rotation or ambiguous transition zone.
position of TZ, if the R/S-wave ratios were between 0.9 and 1.1, the TZ score was recorded as same as the lead number, and TZ index 8 was calculated by the TZ score of VT or PVCs minus that of SR. V 2 transition ratio 9 was calculated in leads V 2 by computing the percentage R wave during VT (R/R+S) VT divided by the percentage R wave in SR (R/R+S) SR . V 2 S/V 3 R index 10 was defined as S-wave amplitude in lead V 2 divided by the R-wave amplitude in lead V 3 during VT or PVCs. V 3 R/ V 7 R-wave ratio was defined as R-wave amplitude in lead V 3 R divided by that in lead V 7 during VT or PVCs, V 3 R/V 8 , and V 3 R/V 9 R-wave ratios were measured accordingly. All ECG measurements were performed with electronic calipers by 2 experienced electrophysiologists blinded to the site of the origin. Three QRS complexes in the same lead were measured in each patient, and the averaged values were used to reduce the variability occurred in the measurement.
Electrophysiology Study and Catheter Ablation
Before electrophysiology study, informed consent was obtained and antiarrhythmic drugs were ceased for at least 5 half-lives. The procedure was performed under the guidance of fluoroscopy and the 3-dimensional mapping system (Carto 3 [Biosense Webster, Diamond Bar, CA] or Ensite NavX [St. Jude Medical Inc, St Paul, MN]). A 6F, 2-mm-tip quadripolar catheter (SUPREME, St. Jude Medical, Inc, MN) was positioned at the His bundle region, and a 7.5F, 3.5-mm-tip nonirrigated ablation catheter (Navistar; Biosense Webster, Diamond Bar, CA) was initially inserted through the right femoral vein to the RVOT for mapping. Activation mapping was performed in all cases to identify the earliest site of ventricular activation during clinical or induced VT or PVCs. In some patients, when VT or PVCs were frequent, electroanatomic mapping was performed as described previously. Pace mapping was also performed during SR at a pacing cycle length of 500 ms and minimum stimulus amplitude required for consistent capture. When the target site had an earliest local activation time preceding the QRS onset during the VT or PVCs and an excellent match during the pace mapping (>11/12 leads), ablation was performed. If there were no suitable site for ablation or the ablation was unsuccessful in terminating the arrhythmia in the RVOT, activation mapping was further performed in the LVOT via a retrograde aortic approach.
Radiofrequency energy was delivered up to maximum power of 50 W in the RVOT or 35 W in the aortic sinus cusps and a maximum electrode-tissue interface temperature of 55°C. When mapping and ablation were attempted within the aortic sinus cusps, selective angiography of the coronary artery and aorta was performed to define the anatomic relationship between these structures and the location of the ablation catheter to avoid arterial injury. When an absence or reduction in the frequency of the VT or PVCs was observed during the first 30 s of ablation, energy delivery was continued for 60 to 180 s. Otherwise, the radiofrequency delivery was terminated, and the catheter was repositioned. The end point of the catheter ablation was the elimination and noninducibility of VT or PVCs with isoproterenol (2 to 4 μg/min) and burst pacing from the right ventricle at cycle lengths as short as 300 ms).
Acute success was defined as the absence of any spontaneous or induced clinical OT-VAs at 30 minutes after the last radiofrequency energy application.
Statistical Analysis and Definitions
Continuous variables are expressed as mean±1 SD and were analyzed by Student t test. Categorical variables were compared by Fisher exact test or χ 2 analysis. A receiver operating characteristic (ROC) curve analysis was performed for sensitivity and specificity analysis, with accuracy being measured by the area under the curve (AUC) of the ROC with a cutoff point represented the optimal balance between sensitivity and specificity. The P value for the sensitivity and specificity comparison between different algorithms was performed by McNemar test. Reproducibility between the 2 ECG reviewers was examined by Bland-Altman and relevant analysis of V 3 R R-wave amplitude, V 7 R-wave amplitude, and V 3 R/V 7 index quantification in 20 randomly selected cases from the development and validation cohorts. All statistics were performed using SPSS statistical software (release 24.0; SPSS Inc, Chicago, IL). A P value ≤0.05 was considered to be statistically significant.
The TZ was defined as the position of the precordial leads in which the amplitudes of the R and S waves were equal. Subjects with TZ during SR between V 3 and V 4 were considered to have no cardiac rotation. Counterclockwise rotation was defined by a TZ before V 3 during SR, and conversely clockwise rotation was defined by a TZ beyond V 4 during SR. The location of the foci was determined by the site of successful ablation. Therefore, patients with acutely unsuccessful ablation were excluded from the analysis as the location of the focus cannot be determined.
RESULTS

Patient Characteristics and ECG Parameters
In the development phase, 105 patients were enrolled, of which 3 (2.9%) patients had unsuccessful catheter ablation and 5 (4.8%) patients had ablation in the 2 chambers. Ninety-seven patients (28 men and 69 women; mean age, 46.4±15.1 years) who underwent only right-or left-sided successful ablation in Nanjing Medical University between September 2015 and November 2016 formed the development cohort. As 4 (3.8%) patients had unsuccessful OT-VAs catheter ablation and 7 (6.7%) patients had ablation in 2 chambers were excluded, 94 patients (men, 37; women, 57; mean age, 45.7±15.6 years) from 4 centers between December 2016 and August 2017 were recruited and formed the validation cohort. The baseline characteristics of patients in the 2 cohorts are shown in Table 1 . In the development cohort, the OT-VAs manifest a left bundle branch block and inferior axis in 85 (88%) cases. The origin of OT-VAs was identified according to the successful ablation site in the RVOT and LVOT in 74 (76%) and 23 (24%) patients, respectively. Within the RVOT, the origins of OT-VAs were septum in 53, pulmonary artery in 13, and free wall in 8. In the LVOT, the origins of OT-VAs were left coronary cusp in 7, right coronary cusp in 5, junction between right and left coronary cusp in 3, aorto-mitral continuity in 4, infra-aortic valve in 2, and great cardiac vein in 2. There were no significant differences among the age, LVEF, PVC burdens, and OTVAs classification between 2 groups. Forty-eight percent of the LVOT group was male, whereas the RVOT group was predominantly female (77% versus 52%; P=0.022).
The measurements of OT-VAs and SR QRS indexes were listed in Table 2 . In the right precordial leads, the R-wave amplitude in lead V 3 R was significantly higher for LVOT compared with RVOT PVCs (P<0.001), S-wave amplitudes were significantly greater for RVOT than LVOT PVCs in leads V 4 R and V 5 R (P<0.005). In the posterior leads, the S-wave amplitudes showed larger in LVOT when compared with RVOT origin in all posterior leads because there were almost no S wave detected in RVOT PVCs. In assessing reproducibility, the mean value of the differences in V 3 R R-wave amplitude, V 7 R-wave amplitude, and V 3 R/V 7 index between the 2 ECG reviewers is close to 0 within the 2× SD of the mean value of the differences ( Figure I in the Data Supplement.)
Development of the Novel ECG Algorithm (V 3 R/V 7 index)
On the basis of the above findings, a novel ECG algorithm was developed. ROC analysis of the ECG measurements was shown in Figure 1 . The R-wave amplitude in lead V 3 R exhibited AUC of 0.954, which was better than the AUC of the S-wave amplitude in leads V 4 R (0.875, P=0.245) and V 5 R (0.790, P=0.036). The V 3 R/V 7 R-wave ratio (RVOT 0.28±0.23 versus LVOT 1.05±0.83, P<0.001) exhibited the greatest AUC of 0.961 and was defined as the V 3 R/V 7 index. The V 3 R/ V 7 index ≥0.85 predicted an LVOT origin with 87% sensitivity and 96% specificity.
The QRS morphology patterns in leads V 3 R and V 7 were analyzed. In the RVOT group, the tall R, rS, Rs, and QS patterns in lead V 3 R were observed in 2 (2.7%), 57 (77.0%), 6 (8.1%), and 9 (12.2%) patients, respectively. In the LVOT group, the tall R, Rs, and rS patterns could be found in lead V 3 R in 11 (47.8%), 7 (30.4%), and 5 (21.7%) patients, respectively ( Figure 2A ). In lead V 7 , the tall R pattern was observed in all (100%) patients in RVOT group, whereas the patients in LVOT group showed tall R, rS, and Rs patterns in 18 (78.3%), 2 (8.7%), and 3 (13.0%), respectively ( Figure 2B ). Therefore, QS pattern in lead V 3 R was uniquely found in patients with RVOT origin, and S wave in lead V 7 was only be detected in patients with LVOT origin. Representative ECG from 4 patients, including standard 12-lead, right precordial and posterior leads, during SR and OT-VAs was shown in Figure II in the Data Supplement.
Validation of Novel ECG Algorithm Incorporating V 3 R/V 7 Index
On the basis of the above observations, a novel ECG algorithm was developed ( Figure 2C) . First, the origin of OT-VAs is RVOT if the QS pattern is found in lead V 3 R. Second, an S wave is observed in lead V 7 in OT-VAs originating from the LVOT. If these 2 criteria are not met, the V 3 R/V 7 index is measured with a value <0.85 indicating RVOT origin.
In the validation cohort, 74 (79%) patients had successful ablation in RVOT (septum=40, pulmonary artery=22, free wall=12) and 20 (21%) in the LVOT (left coronary cusp=8, right coronary cusp=4, junction between right and left coronary cusp=2, great cardiac vein=3, infra-aortic valve=1, aorto-mitral continuity=2). The V 3 R/V 7 index was able to correctly predict the site of successful ablation (LVOT versus RVOT) in 94.7% (89 of 94) of cases. When the V 3 R/V 7 index ≥0.85, an RVOT origin could be excluded with 98.6% accuracy. An example of an RVOT PVC that was correctly predicted only by the V 3 R/V 7 index is shown in Figure 3 . The V 3 R/V 7 index was compared with previously validated algorithms (Table I in the Data Supplement). The V 3 R/V 7 index and the V 2 transition ratio were significantly higher in LVOT group than the RVOT group, whereas the TZ index and V 2 S/V 3 R index were significantly lower for the LVOT group when compared with the RVOT group. The ROC analysis for the V 3 R/V 7 index and previous ECG criteria of overall patients were shown in Figure 4A . The AUC of the V 3 R/V 7 index was 0.954, which was greater than the V 2 S/V 3 R index (0.896, P=0.353), V 2 transition ratio (0.792, P=0.035), and the TZ index (0.666, P=0.001). Correspondingly, the V 3 R/V 7 index ≥0.85 was able to predict an LVOT origin with 80% sensitivity and 98.6% specificity. The TZ index of<0 had a sensitivity of 60% and specificity of 73%. The V 2 S/V 3 R index of ≤1.5 exhibited a sensitivity of 85% and specificity of 82.4%. The V 2 transition ratio of ≥0.6 had a high sensitivity of 85% but a low specificity of 66% (Tables II and III in the  Data Supplement) . The ROC analysis among the V 3 R/ V 7 index and previous ECG criteria for patients (n=80) without obvious LVOT (a precordial R/S transition before lead V 2 ) or RVOT origins (a precordial R/S transition later than lead V 4 ) were shown in Figure 4B . The AUC of the V 3 R/V 7 index was 0.920, which was still greater than the V 2 S/V 3 R index (0.841, P=0.371), V 2 transition ratio (0.746, P=0.044), and the TZ index (0.531, P<0.001); the V 3 R/V 7 index ≥0.85 predicted an LVOT origin with 77% sensitivity and 98.5% specificity; the V 2 transition ratio, V 2 S/V 3 R index, and TZ index exhibited sensitivity of 77%, 77%, 54%, with specificity of 64.2%, 80.6%, 73%, respectively (Table III in the Data Supplement) .
Among the 94 patients in our validation cohort, 69 (73%) patients showed normal R-wave transition (V 3 ≤TZ≤V 4 ) during SR; in the remaining 25 (27%) patients, 21 showed a counterclockwise rotation (TZ<V 3 ), and 4 showed a clockwise rotation (TZ>V 4 ) Figure 2 . Typical QRS morphology pattern, diagnostic stepwise, and anatomic basis of V 3 R/V 7 index. A, QRS morphology pattern in lead V 3 R during outflow tract ventricular arrhythmias (OT-VAs). QS pattern in lead V 3 R could uniquely be found in patients with right ventricular outflow tract (RVOT) origin. B, QRS morphology pattern in the lead V 7 during OT-VAs. S wave in lead V 7 was only detected in patients with left ventricular outflow tract (LVOT) origin. C, Diagnostic stepwise for OT-VAs.
Step 1: If the QS pattern is found in lead V 3 R, the origin of OT-VAs is RVOT; Step 2: If an S wave is observed in lead V 7 , the origin of OT-VAs is LVOT; Step 3: If the QRS morphology has not showed these characteristics, then the V 3 R/V 7 index is measured. The V 3 R/V 7 index<0.85 indicates RVOT origin, whereas the V 3 R/V 7 index ≥.85 predicts LVOT origin. D, Lead V 3 R, V 7 positioning, and anatomic basis for V 3 R/V 7 index. LCC indicates left coronary cusp; MVA, mitral valve annulus; NCC, noncoronary cusp; RCC, right coronary cusp; and TVA, tricuspid valve annulus.
during SR (Table IV in the Data Supplement). Meanwhile, there were 35 (37%) patients with lead V 3 R/S transition during OT-VAs. The V 3 R/V 7 index and previous algorithms for predicting the OT-VAs origins in patients with cardiac rotation or lead V 3 R/S transition were compared and illustrated in Table 3 . The V 3 R/V 7 index exhibited the best predictive value with sensitivity of 78% and specificity of 100% for patients with cardiac rotation. Although the V 2 S/V 3 R index showed higher sensitivity of 89%, the specificity, accuracy, and PPV were relatively lower. For patients with lead V 3 R/S transition, the previous indexes showed lower specificity, PPV, and accuracy, whereas the V 3 R/V 7 index proved better values with 75% sensitivity and 97% specificity.
DISCUSSION
Major Findings
The major finding of this study is that the right precordial and posterior leads ECG allowed for more accurate determination of OT-VAs origins compared with standard 12-lead ECG alone. The key findings in our study are as follows: (1) QS pattern in lead V 3 R was uniquely found in RVOT OT-VA; (2) S wave in lead V 7 was exclusively detected in LVOT foci; (3) the V 3 R/V 7 index ≥0.85 predicted an LVOT origin with 87% sensitivity and 96% specificity; and (4) the accuracy and effectiveness of V 3 R/V 7 index were prospectively validated with the highest AUC of 0.958 when compared with previous published algorithms in overall patients and remained accurate even for patient subgroups for whom simple ECG analysis is typically confounded by either cardiac rotation or ambiguous TZ.
Use of Right or Posterior Leads to Identify OT-VA Origin
There has been reported that the right precordial leads are useful for estimating the origin of OT-VAs. A retrospective study proposed the transitional zone in synthesized right-sided chest leads may suggest OT-VAs origin in the RVOT septum. 17 Another study found that the QRS morphology pattern in lead V 5 R could be useful for differentiating detailed OT-VAs origins. 18 However, these measurements were conducted with proprietary software without systematic analysis of the optimal leads to use. On the basis of our learnings in the developmental phase, we established that only leads V 3 R and V 7 were required, and in subsequent procedures, these leads were created by repositioning leads V 5 and V 6 , hence obviating the need for additional ECG equipment. Using this simple setup, the V 3 R/V 7 index can be easily calculated using any existing electrophysiological recording system.
Anatomic Considerations and the V 3 R/V 7 Index
Understanding the anatomic relationship between the LVOT and RVOT is key to discriminate OT-VAs origins. 15 The previous studies found that the PVCs originated from the LVOT showed earlier R-wave transition, and the various algorithms used to identify the origin of OT-VAs were all derived from the R-wave transition in precordial leads, but for patients with cardiac rotation or variation in positional relationship of OT, it can lead to difficulties in distinguishing between LVOT and RVOT origin using standard precordial leads. On the basis that V 3 R is located more rightward compared with V 1 , V 7 is more leftward compared with V 6 , and LVOT is left and posterior to the RVOT, electrical propagation from an LVOT focus toward V 3 R should be more prominent resulting in a larger R wave. Conversely, activation originating from the RVOT is more in line with the axis of lead V 7 , resulting in a greater R wave in lead V 7 (Figure 2D) . Hence, the combined use of V 3 R and V 7 lead R-wave ratios could improve discrimination between LVOT and RVOT origins. 
Comparison with Previous Indexes
Yoshida et al 8 reported that the TZ index was an effective marker for differentiating the origins of OT-VAs even if taking into account cardiac rotation. In this study, TZ index provided high specificity in overall analysis, but it exhibited a lower positive predictive value and accuracy when used in patients with cardiac rotation or lead V 3 R/S transition. The V 2 transition ratio 9 had been reported to reliably predict the origin of OT-VAs with lead V 3 R/S transition by comparing the QRS morphology between OT-VAs and SR, but it exhibited lower specificity and positive predictive value compared with the V 3 R/V 7 index. Yoshida et al 10 also reported that the V 2 S/V 3 R index was useful for distinguishing the LVOT from RVOT of OT-VAs origins; however, it exhibited lower specificity and accuracy than the V 3 R/V 7 index either in overall analysis or subanalysis.
It is hard to differentiate the right from left origin of OT-VAs in cases with cardiac rotation or lead V 3 R/S transition. In our study, the V 3 R/V 7 index demonstrated a higher accuracy than previous indexes in either overall analysis or subanalysis of patients with cardiac rotation or lead V 3 R/S transition. Meanwhile, the V 3 R/V 7 index is quite easier to calculate when compared with other algorithms. The V 3 R/V 7 index could accurately predict the origin of OT-VAs before catheter ablation and contribute to preprocedural planning and consent.
Limitations
This study has several limitations. First, the sample size in prospective cohort is relatively small and should be further validated in larger populations. Second, although the origins of OT-VAs were defined by the successful ablation sites. Some foci may be located in the epicardium or intramural segment between RVOT and LVOT. Site of successful ablation might not represent the true origin but a site which is anatomically close enough to affect the focus. This might also explain the few cases that did not meet our diagnostic criteria. Furthermore, although the new algorithm incorporating V 3 R/V 7 index could accurately distinguish left from right OT-VAs origins, it does not localize to specific segments within the LVOT or RVOT.
Conclusions
V 3 R/V 7 index is a novel ECG marker to distinguish between LV and RV origins of OT-VA and performs more accurately compared with previously reported ECG algorithms.
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